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PART I.  HEADSPACE ANALYSIS WITH A SERIES OF KNOWN 
MONOTERPENES, MONOTERPENOIDS AND ESTERS 
CHAPTER 1.0.  GENERAL INTRODUCTION 
 
1.1.  Introduction 
 
Natural products are chemical compounds derived from wild and domesticated 
plants and may have commercial application or biological activity.  Plants synthesize and 
emit biologically active compounds as volatiles that interact with human receptors to 
provide sensation of odour and flavour [51, 72].  In this thesis, I am concentrating on 
volatile organic compounds (VOCs) as food flavours, cosmetic products and medicinals.  
I analyse several known volatile compounds from plants and confirm the detection of 
such compounds by SIFT-MS, and extend this work to known compounds from three 
selected plants.   
The current study is divided into two parts.  In part 1, typical odour and flavour 
compounds are analyzed using the SIFT-MS to confirm and expand on the existing data 
library of spectra of various compounds.  Compounds of particular interest are 
monoterpenes and monoterpenoids, as well as esters.  In part 2, the usefulness of SIFT-
MS in natural product research is examined, by correlating the results from standard 
compound analyses with actual mass spectra from plant material.  
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CHAPTER 2.0.  MONOTERPENES AND MONOTERPENOIDS 
 
2.1.  Abstract 
Four monoterpenes and two monoterpenoids, (+)- and DL- limonene, (1S)-(3) 
carene, terpinolene, cineol and rose oxide, respectively, were studied using selected ion 
flow tube-mass spectrometry.  Specifically, the reactions of H3O+, NO+ and O2+ were 
used to examine these compounds.  The H3O+ reactions resulted in the generation of two 
major product ions, C10H16H+ and C6H9+, for the monoterpenes and C10H18OH+ for 
monoterpenoids with the addition of fragment ions C10H17+ and C6H11O+ for rose oxide.  
Charge transfer, C10H16+, was the main product ion for the NO+ reaction with the 
monoterpenes, although, fragment ions were also detected, particularly, C9H13+ and 
C7H9+.  Similar to the monoterpenes, the parent monoterpenoid, C10H18O+, was produced 
for both cineole and rose oxide with the addition of a fragment C9H15O+ for rose oxide.  
Based on the minority product ions and/or adduct ions produced in the H3O+ and NO+ 
reactions, the identification of the parent compound can be made.  O2+ reactions often 
result in greater fragmentation.  However, I have shown that for some molecules, few 
fragment ions are produced and thus may provide additional information leading to the 
identification of the parent compound as well.  SIFT-MS provides a means of detection 
and identification of these compounds, without destroying the sample of interest.  In the 
case of monoterpenes and monoterpenoids, the SIFT can be utilized to estimate the total 
terpene content present in a sample [100]. 
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2.2.  Introduction 
I set out to investigate the applicability of selected ion flow tube-mass 
spectrometry (SIFT-MS) to plant derived aromatic compounds, particularly in respect to 
its potential in high throughput screening (HTS) for bioactive compounds.  Odourants are 
volatile chemicals that are inhaled in the nasal olfactory epithelium located in the nasal 
cavity, while flavour is the blend of odour and taste [12, 72].  Humans have been 
interested in the unique and pleasantly fragrant odours produced by plants for a long time 
and have used plants to flavour and season food stuffs, as well as develop primitive 
cosmetics [8, 72].  This interest led to the use of plants as more than a means of nutrition, 
but as a way to improve bodily scent by use of simple cosmetics, and possibly to provide 
health-restoring medicinal action.  This use of plants as remedial agents dates back to the 
time of the Sumerian and Akkadian civilizations, third millennium B. C. [8, 14].  It was 
discovered that the active compounds in the plant material could be separated by gentle 
heating resulting in an oil-aqueous mixture known as essential oils [8].  Essential oils 
from plants contribute to the powerful aromatic odours which are desirable in food and 
cosmetic preparations [72].  The production and use of essential oils became a major 
element in medicinal practices during the 16th century [8].  The association of pleasant 
aromas with the sense of well being resulted in the modern practice of aromatherapy.  
However, scientific evidence for a link between essential oil sensory detection and 
restoring health is still lacking [54].  Chemical analyses of these oils did not occur until 
the 19th century, when single compounds responsible for a specific odour were beginning 
to be isolated [8, 70, 72].  It was found that the volatile fractions were to a large extent 
composed of hydrocarbons of the formula C10H16, or monoterpenes [8, 70].   
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Terpenes and their oxygenated derivatives, terpenoids, are the most diverse 
families of natural products possessing functional groups such as alcohols, hydrocarbons 
and ketones, for example, with over 40,000 known structures [8, 36, 72].  They are 
present in, and emitted from many plant species, and their various organs such as leaves, 
roots, flowers and fruits [100, 103].  Some terpenes produced from plants are of 
commercial and medicinal importance [70, 72].  Many are shown to possess pleasant 
odours and are used as flavouring agents and perfumes, while others possess bioactive 
properties and are used as antimicrobials, insecticides and medicinal preparations [70, 
72].  For example, menthol is applied topically to soothe skin irritation [11], limonene has 
chemo-preventive and therapeutic properties in rodent models [34] and camphor acts as 
an insect repellent [43].  Discovery of additional biological functions of terpenoids 
requires the development of new, rapid analytical methods.  The complex structure of 
terpenes in natural mixtures leads to the need for separation and subsequent identification 
of individual compounds [8].  HTS is a method used to detect biological activity from 
various sources [5].  The main function of HTS is to efficiently accelerate the drug 
discovery process by screening large libraries containing hundreds of thousands of 
chemical compounds for potentially active compounds [6, 7, 107].  Screening molecular 
signature computer databases against similar chemical signals exhibited by unknown 
compounds is a suitable approach for compound identification [1, 14].  We chose to start 
establishing a database of SIFT-MS signatures of specific compounds, with the intent that 
this may ultimately aid in HTS of plant bio-products and possibly drugs.     
Drug discovery requires the union of chemistry, pharmacology and clinical 
sciences [13, 23].  In some countries, natural products remain a highly sought-after  
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source of medicine.  In China, for example, 7, 295 plant species are used as therapeutics  
[14].  Hundreds of compounds can be potentially present in plant material.  To detect and 
identify all of these compounds is an expensive, time-consuming and labour intensive 
task.  The difficulties associated with creating a natural product data library have eased 
with the development of new analytical devices [14], such as SIFT-MS introduced below.   
The selected ion flow tube-mass spectrometer may have the capacity to analyse 
plant volatiles without the need for prior separation.  Developed in the 1970s, SIFT-MS is 
one of the most reliable techniques available for the study of kinetics and ionic reactions 
[4, 90].  It is a successful chemical ionization method used to (1) detect and identify 
volatile compounds of commercial or medicinal value, as well as (2) expand the 
knowledge of constituents in a sample/product of interest.  SIFT technology is now a 
standardized method for trace gas analysis for the rapid detection and quantification of 
VOCs [49, 75].  For example, SIFT-MS has been utilized for various headspace studies, 
such as volatile food flavours [89], bacterial emissions [17], medical breath analysis [62] 
and pollution [77].  H3O+, NO+ and O2+ are the reactive precursor ions used to react with 
unknown compounds to produce identifiable secondary ions [76, 81].  This work 
continues the task set out by Španl and Smith [87] to utilize the potential analytical 
advantages of SIFT-MS to rapidly analyze mass spectra and reaction kinetics of known 
compounds to keep expanding the library of SIFT-MS data. These standards will be 
subsequently correlated with real time spectra of actual plant material.  The current study 
focuses on the results of the reactions between H3O+, NO+ and O2+ with four 
monoterpenes and two monoterpenoids (Table 1). 
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2.3.  Experimental Section 
 I adopted SIFT-MS methodology developed by Adams and Smith [3].  A brief 
summary of SIFT-MS theory follows, based on a diagram in figure 1 and previous 
published work [75, 78, 83]. 
Fast flow tube techniques are an ideal method to analyze and examine ion neutral 
reactions under thermal conditions.  The production of primary ions (H3O+, NO+ and O2+) 
takes place in a microwave resonator.  H3O+, NO+ and O2+ then pass through the injection 
quadrupole mass filter which filters through the ions which have been pre-selected.  The 
selected ion(s) travel through the ion injection orifice into the flow tube and are carried 
down the tube by helium gas.  The ions react with the trace gas containing the molecules 
of interest and produce secondary product ions and/or fragment ions.  The secondary 
product ions and/or fragment ions pass through the ion sampling orifice where a detection 
quadrupole mass spectrometer filters through any ions which fall within a pre-selected 
mass-to-charge ratio range.  These ions are detected and counted by a channeltron ion 
detector and the resulting information is visualized as mass spectra (Fig. 1).  
Rate coefficient and ion product distribution of a reaction must be known [86].  
The rate coefficient quantifies the speed of a chemical reaction.  Some standard 
compounds may produce product ions with the same molecular weight.  Rate coefficient 
data can be used to differentiate these types of standard compounds because the speed, at 
which the resulting ions are formed, will most likely differ.  Ion product distribution is 
determined by injecting the reaction ion species, determining the product ion as a 
function of the flow rate of the reactant gas and extrapolating the flow rate curves to zero 
[75, 86].  Knowledge of the flow rate is required to determine the rate coefficient [86].  
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The flow rate was measured using a gas flow meter (Scienceware (Riteflow), Fisher 
Scientific, Ottawa, Ontario, Canada).  If exothermic proton transfer reactions are 
comparable to the collisional rate, it can be assumed that k is equal to the collisional rate 
coefficient kc [9, 86].  The Su and Chesnavich equation is used to calculate kc [92].  
Dipole moment and polarizability of a reaction are required to compute kc [84].  These 
assumptions cannot be made for NO+ and O2+, therefore, k must be determined 
experimentally [86].  I used solutions of unknown concentration of the monoterpene and 
monoterpenoid standard compounds for rate experiments.  H3O+, NO+ and O2+, were 
introduced into the SIFT and precursor ion reaction plots as a function of flow rate of the 
reactant gas were obtained [86].  Relative k values for NO+ and O2+ were deduced from 
the slopes of the precursor ion reaction plots (Fig. 2) [86]. 
2.3.1.  Data Acquisition         
SIFT-MS analysis was performed using a Profile 3 SIFT-MS spectrometer 
(Instrument Science, UK).  I placed open vials with standard solution of monoterpene 
under the SIFT intake nozzle, choosing multi-ion monitoring mode cycling of all three 
precursor ions, H3O+, NO+ and O2+, for analysis.  Each sample was analyzed at least 
twice, by performing 1 scan of 60 second duration.  I also analyzed laboratory air, to 
allow me to subtract this background from actual sample mass spectra.  Mass spectra 
produced are visual representations of the secondary product ions created by SIFT-MS 
analysis.  Standard solution spectra illustrate the product ions generated from the 
chemical ionization reactions that occur between the chosen precursor ion(s) and 
molecules emitted from the sample.   
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    Figure 1.  A diagram of the selected ion flow tube-mass spectrometry (SIFT-MS) device [77].  Precursor ions enter the flow tube   
    (upstream) and react with sample compounds to produce product ions (downstream).  Various methods of sample introduction are  
    illustrated in the circles. 
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2.3.2.  Data Handling and Display        
 Using the Mass Spectrometry Review (msview) software that accompanies the 
SIFT-MS instrument, I exported spectra from the SIFT-MS data system into Microsoft  
Excel, to complete calculations.  An average of the product ions produced from each 
standard solution was calculated.  The averaged values were then visualized as spectra for 
each sample.  Major peaks represent the most abundant product ions produced.  These 
product ions were then confirmed to be in the sample using MUI File Viewer (muiview).  
Confirmed product ions were used to finalize the identification of the VOCs emitted from 
the standard solutions.   
2.4.  Results and Discussion 
Calculated kc for the H3O+ proton transfer reactions and the experimentally 
determined k with kc for the NO+ and O2+ reactions with the monoterpenes and 
monoterpenoids are shown in Table 1.  Table 2. illustrates a variety of cyclic 
monoterpenes and two monoterpenoids, as characterised by their reaction products.  Only 
reactions which produce a product ion greater than 20% of the product distribution were 
considered significant and are discussed.  A comparison of my results with previously 
published data [4, 100] is also included in section 2.4.4. 
2.4.1.  Monoterpene and Monoterpenoid Reactions with H3O+   
The most common major product ion for most of these reactions is the protonated 
parent compound (Table 2). This product ion is formed in excess of 60% for all 
monoterpenes (terpinolene, (+) limonene, (1S)-(+) 3-carene, DL-limonene) (reaction 1a) 
and as well as one monoterpenoid (cineole) (reaction 1b).  In the case of the  
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monoterpenes, where the protonated parent compound is accompanied by a significant  
minor product ion, the minor product ion is of the formula C6H9+ (reaction 2).  The 
protonated parent molecule is, however, observed only as a minor product ion comprising 
between 30% and 36% abundance of total ion production.  For example rose oxide, 
where two fragment ions are detected, a hydrocarbon ion is formed (reaction 3a) and 
hydroxide abstraction occurs (reaction 3b).  In addition to protonated parent compound, 
several typical fragment ions are observed [88, 100].  
C10H16 + H3O+  →  C10H16H+ + H2O   (1a) 
C10H18O + H3O+  →  C10H18OH+ + H2O   (1b) 
C10H16 + H3O+       →  C6H9+ + C4H7H + H2O  (2) 
C10H18O + H3O+ →  C6H11O+ + C4H7⋅H + H2O  (3a) 
C10H18O + H3O+ →  C10H17+ + 2H2O   (3b) 
2.4.2.  Monoterpene and Monoterpenoid Reactions with NO+ 
The major product ion for most of these reactions results from charge transfer, 
where charge transfer results for all monoterpenes (reaction 4a) and one monoterpenoid 
(reaction 4b).  Significant minor products also accompany the charged parent compound 
for several standards.  The minor product ion is C7H9+ (m/z 93) for (1S)-(+) 3-carene 
(reaction 5) and methyl abstraction occurs for terpinolene (reaction 6) and rose oxide 
(reaction 7), whereas both the fragment ion and reaction process are detected for DL-
limonene.   
C10H16 + NO+   →  C10H16+ + NO    (4a) 
C10H18O + NO+  →  C10H18O+ + NO   (4b) 
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Table 1.  Rate coefficients of the reactions between H3O+, NO+ and O2+ with a series of monoterpenes and monoterpenoids.  
Estimated values and/or averages for α and µ are calculated for compounds which do not have previously recorded data and are listed 
in italics [53, 57, 74].  The collisional rate coefficients, kc, in units of 10-9 cm s-1, for all reactions have been calculated via the 
parameterized trajectory formulation by Su and Chesnavich [92] and displayed in square brackets. 
 
Molecular 
Weight 
 
Electric Dipole 
 Polarizability 
 
Dipole 
Moment 
 
Rate Coefficient 
 
 
 
Molecule 
 
 
m 
(g/mol) 
 
 
α 
(10-24 cm3) 
 
µ 
(D) 
 
kc (H3O+) 
(10-9cm3 s-1) 
 
kc, k (NO+) 
(10-9 cm3 s-1) 
 
kc, k (O2+) 
(10-9 cm3 s-1) 
 
(+) limonene 
C10H16 
 
136 
 
18.65 
 
1.57  
 
[3.16] 
 
2.70 [2.60] 
 
2.49 [2.53] 
 
(1S)-(+) 3-carene 
C10H16 
 
136 
 
18.65 
 
2.69 
 
[4.09] 
 
3.05 [3.37] 
 
2.92 [3.28] 
 
DL-limonene 
C10H16 
 
136 
 
18.65 
 
1.57 
 
[3.16] 
 
1.70 [2.60] 
 
1.84 [2.53] 
 
terpinolene 
C10H16 
 
136 
 
18.65 
 
1.57 
 
[3.16] 
 
1.94 [2.60] 
 
1.74 [2.53] 
 
cineole 
C10H18O 
 
154 
 
18.63 
 
2.83
 
 
[4.19] 
 
3.87 [3.44] 
 
3.60 [3.35] 
 
rose oxide 
C10H18O 
 
 
154 
 
18.63 
 
2.95 
 
[4.31] 
 
2.58 [3.53] 
 
2.32 [3.44] 
 
 13 
Table 2a.  Product(s) of the reactions between H3O+, NO+ and O2+ with a series of monoterpenes.  The molecular formulae of the ion 
products given may not be an exact representation of their structure.  The percentage of each ion product are calculated and shown in 
parentheses.  Neutral products are listed for H3O+ and NO+ and not for O2+ reactions because the neutral products are not easily 
defined. 
 
Molecule 
 
 
H3O+ 
 
NO+ 
 
O2+ 
 
(+) limonene 
C10H16 
 
C10H16⋅H+ (64) + H2O 
Protonated Parent Compound 
 
C6H9+ (36) + C4H7⋅H + H2O 
Hydrocarbon 
 
C10H16+ (97) + NO  
Charge Transfer 
 
Other (3)  
 
 
C7H9+ (27) 
 
Other (73) 
 
(1S)-(+) 3-carene 
C10H16 
 
C10H16⋅H+  (64) + H2O 
Protonated Parent Compound 
 
C6H9+ (36) + C4H7⋅H + H2O 
Hydrocarbon 
 
C10H16+ (35) + NO  
Charge Transfer 
 
C7H9+ (35) + C3H8NO  
Propyl abstraction 
 
Other (30) 
 
C7H9+  (55) 
 
Other (45) 
 
DL-limonene 
C10H16 
 
C10H16⋅H+ (70) + H2O 
Protonated Parent Compound 
 
C6H9+ (30) + C4H7⋅H + H2O 
Hydrocarbon 
 
C7H9+ (50) + C3H7NO  
Propyl abstraction 
 
C10H16+ (23) + NO 
Charge Transfer 
 
C9H13+ (21) + CH3NO  
Methyl abstraction 
 
 
C7H9+ (50) 
 
C10H16+ (27) 
 
C9H13+ (23) 
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Table 2a.  continued. 
 
terpinolene 
C10H16 
 
C10H16⋅H+ (100) + H2O  
Protonated Parent Compound 
 
 
C10H16+ (73) + NO 
Charge Transfer 
 
C9H13+ (27) + CH3NO  
Methyl abstraction 
 
 
C9H13+ (63) 
 
C10H16+ (37) 
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Table 2b.  Product(s) of the reactions between H3O+, NO+ and O2+ with two monoterpenoids.  The molecular formulae of the ion 
products given may not be an exact representation of their structure.  The percentage of each ion product are calculated and shown in 
parentheses.  Neutral products are listed for H3O+ and NO+ and not for O2+ reactions because the neutral products are not easily 
defined. 
 
Molecule 
 
 
H3O+ 
 
NO+ 
 
O2+ 
 
cineole 
C10H18O 
 
C10H18O⋅H+ (100) + H2O  
Protonated Parent Compound 
 
C10H18O+ (52) + NO 
Charge Transfer 
 
Other (48) 
 
C10H18O+ (26)  
 
C9H15O+ (20)  
 
Other (54)    
 
rose oxide 
C10H18O 
 
C6H11O+ (43) + C4H7⋅H + H2O 
Carbon chain fragmentation 
 
C10H17+ (30) + 2H2O 
Hydroxide extraction 
 
C10H18O⋅H+ (27)  + H2O  
Protonated Parent Compound 
 
 
C9H15O+ (51) + CH3NO 
Methyl abstraction  
 
C10H18O+ (49) + NO  
Charge Transfer 
 
 
C9H15O+ (100) 
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C10H16 + NO+       →  C7H9+ + C3H7NO   (5) 
C10H16 + NO+  →  C9H13+ + CH3NO   (6) 
C10H18O + NO+  →  C9H15O+ + HNO + CH3NO   (7) 
2.4.3.  Monoterpene and Monoterpenoid Reactions with O2+ 
Many more fragment ions are detected from the reactions of O2+ than with H3O+  
and NO+ which is expected, as it has been seen in earlier work [100].  The abundance of 
fragment ions is attributed to the recombination energy of O2+ ions [52 in 100].  Several 
less abundant product ions (< 20% of total) of low molecular weight are detected 
following these reactions [100].  Similar to Wang, Španl and Smith [100], species C7H9+ 
(m/z 93), C9H13+ (m/z 121) and C10H16+ (m/z 136) are commonly detected in monoterpene 
analysis, and C9H15O+ species (m/z 139) is detected in monoterpenoid analysis. 
2.4.4.  Comparison of Results to Previous Data 
 
To compare rate coefficient data, previously published compounds were 
examined [4, 100]. Dipole moment and polarizability values are required for each 
specific compound to determine rate kinetics using the parameterized trajectory formula 
by Su and Chesnavich [92].  Rate coefficient values for the H3O+ precursor ion may 
differ due to varying sources of data used.  For many of the compounds that I tested these 
data were not available.  Thus, I developed criteria for selecting similar compounds 
whose data for dipole moment and polarizability were available.  When similar 
compounds could not be found, the averaged data values for multiple ions were used.  
Additionally, I used the most abundant ion product from the reactions of the compound 
with H3O+ for the molecular mass value.  This ion differed for cineole where my analysis 
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showed this ion to be the protonated parent compound (Table 2b), whereas, Amelynck et 
al reported the major reaction process as H2O ejection after protonation resulting in 
C10H17+ [4]. 
My data generally reflects previously published works [4, 100].  Rate coefficient 
values were of the same magnitude overall; however, some values differed slightly.  As 
well, I only reported ions which are in 20% abundance or greater.  A more detailed 
comparison follows. 
Overall, higher rate kinetic values were calculated and experimentally determined 
for (1S)-(+) 3-carene (4.09 x10-9cm3s-1, 3.05 x10-9cm3s-1 and 2.92 x10-9cm3s-1 with H3O+, 
NO+ and O2+ respectively, Table1) when compared to 3-carene (2.6 x10-9cm3s-1, 2.2 x10-
9cm3s-1 and 1.9 x10-9cm3s-1 with H3O+, NO+ and O2+, respectively) [100].  Two additional 
ions were seen on my spectra for NO+ analysis that were not reported by Wang, Španl 
and Smith [100], C6H8+ and C9H13+.  However, these ions represented less than 20% total 
ion abundance and are not reported.  Also, Wang, Španl and Smith [100], report a 
fragment ion at m/z 135.  An ion peak at m/z 135 was seen in my spectra, however, this 
peak was minor and not considered for further analysis.  Several unique ion peaks 
(C6H8+, C7H8+, C7H9+, C9H13+ and C10H16+), were seen using (1S)-(+) 3-carene reacted 
with O2+ but remain unreported because these ions were below 20% abundance.  Two 
ions, C7H10+ and C8H11+, reported by Wang, Španl and Smith [100], were seen as minor 
peaks on my spectra and were not considered significant for analysis.  
Similar rate kinetic data was calculated and experimentally determined for (+)  
limonene and DL-limonene (Table 1) as compared to the previously published rate  
kinetic data for R-limonene [100].  Although, similar rate kinetic data was obtained,  
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differences in specific product ions were detected.  The same ions result from the  
reactions with H3O+ for all three limonene isomers; however, differences can be seen for 
the NO+ and O2+precursor ion reactions.  The (+) limonene produces a single product ion 
and five additional fragment ions from analysis with NO+ and O2+ respectively (Table 2a).  
Similar to Wang, Španl and Smith [100], NO+ reaction produces C10H16+ as the most 
abundant ion.  They also report C7H8+ and C7H9+ as minor ions.  These ions are seen in 
my spectra however, the peaks are too small to be included for further analysis.  Ions that 
resulted from the O2+ reactions are not reported because of less than 20% abundance.  
DL-limonene lacks the fragment ion at C7H8+, for analysis with NO+ and O2+, but has an 
additional ion at C9H13+ for NO+ (Table 2a).  Ion peak m/z 92 is minor when compared to 
other abundant ion peaks, and is not included in further analysis.  Wang, Španl and 
Smith also report C7H8+, in low ion abundance [100].  C9H13+ is an ion fragment 
frequently seen in terpenes, although primarily for O2+ reactions.  The fragment ion 
C9H13+ appears to follow trends and be a true representation of DL-limonene in my 
analysis. 
Terpinolene was compared to α-terpinene.  These isomers differ by the 
positioning of one double bond.  My calculations of rate kinetics for terpinolene (3.16 
x10-9cm3s-1, 1.94 x10-9cm3s-1 and 1.74 x10-9cm3s-1 with H3O+, NO+ and O2+ respectively, 
Table 1) were similar to α-terpinene (2.6 x10-9cm3s-1, 2.0 x10-9cm3s-1 and 2.0 x10-9cm3s-1, 
with H3O+, NO+ and O2+ respectively) [100] and may not be useful in differentiating the 
two isomers.  An additional ion fragment was viewed for terpinolene (C9H13+, Table 2a) 
analysis with NO+.  Alternatively, two additional fragment ions are reported for α-
terpinene (C7H8+, C7H9+) [100].  My analyses revealed a unique ion peak at m/z 121.  
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This fragment ion is reported in the literature for the O2+ precursor ion [100].  Methyl 
abstraction is not an uncommon reaction and the spectra resulting from Multi Ion Profile 
analysis shows that an ion at m/z 121 runs parallel with the ion at m/z 136, resulting from 
charge transfer which is a typical reaction process for terpenes with NO+.  The ion peak at 
m/z 92 was not seen in my spectra and ion peak m/z 93 was considered in too low 
abundance to be included in further analysis.  These ions are also reported in low 
abundance by Wang, Španl and Smith [100], at 4% and 16% respectively. 
The standard cineole provided to me by Dr. Randolph Beaudry, did not specify 
which isomer.  This could be 1,8-, 1,4- cineole or a mixture of both.  Higher rate kinetic 
values, by 62% for H3O+ and NO+ and by 67% for O2+, were calculated and 
experimentally determined for cineole (Table 1) when compared to 1,8-cineole [4].  Two 
additional fragment ions were seen for each of H3O+ (C10H17+, *C10H17+ (*13C-isotope)), 
NO+ (C10H16+, C9H15O+) and O2+ (C9H18+, C10H16+) analyses with 1,8-cineole [4].  
Amelynck, et al [4] report fragment ions at m/z 137 and m/z 138 for 1,8-cineole analysis 
with H3O+.  Ion peaks at these m/z values were seen in my spectra as well.  When 
analyzed using Multi Ion Profile, the spectra suggest these ions may be the formation of 
random adduct ions which are not true representations of the compound and are not 
included in my analysis.  Amelynck, et al [4] also reported two additional ions at m/z 136 
and m/z 139, produced from the reactions with NO+.  My analysis showed minor ion 
peaks at these m/z values.  The 136 m/z ion was in too low abundance to be included in 
my analysis.  Amelynck, et al [4] also reported this ion in low abundance.  Ion m/z 139 
was analysed using Multi Ion Profile.  Spectra from this analysis showed that the ion at 
m/z 139 may be the result of random adduct ion production, thus it was not included as a  
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relevant ion.  Several minor ions reported by Amelynck, et al [4] are not included in my  
analysis due to low abundance.   
As far as I am aware, rose oxide has not been previously examined using the SIFT 
technique, thus, data reported for this compound are original. 
2.5.  Concluding Remarks 
As observed by Wang, Španl and Smith [100], I have further confirmed that 
SIFT analyses can provide quantitation of total monoterpenes present in a sample [100].  
This can be calculated by summing the major ions present that are typical of monoterpene 
analysis; m/z 81 and m/z 137 for H3O+ and m/z 93 for NO+ [100].  I have also noted that 
known paired isomers, for example, (+) limonene and DL-limonene, can be differentiated 
by comparing the results obtained from NO+ analysis (Table 2) [100].  When analyzing a 
sample using O2+, several minor fragment ions are produced resulting in unsatisfactory 
spectra for molecule identification [100].  This is apparent for (+) limonene and (1S)-(+) 
3-carene.  However, typical fragment ions are detected for DL-limonene and terpinolene 
[100].  
H3O+ reactions with monoterpenoids produce typical products as seen in Španl 
and Smith [88].  Rose oxide produces three ionic species, which weakens the strength of 
a successful identification match; whereas cineole produces a single product ion for 
terpenoids [88].  In contrast to the general trends reported by Španl and Smith [88], NO+ 
reactions result in charge transfer and fragment ions as major products for both 
monoterpenoids.  O2+ reactions produce variable results with monoterpenoids [88].  Rose 
oxide reaction forms a single product ion in contrast to cineole, which undergoes several 
processes: charge transfer, methyl abstraction and fragmentation resulting in several 
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minor fragment ions.  Additional monoterpenoids should be analyzed to conclude that a  
general trend exists.  This study adds supporting data on the reactions of monoterpenes 
and monoterpenoids to extend the library database and further enhance the information 
that SIFT-MS provides to analysis of volatile emissions. 
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CHAPTER 3.0. ESTERS 
 
3.1.  Abstract 
Nineteen ester compounds were examined (ethyl trans-crotonate, propyl 
propanoate, ethyl butanoate, methyl pentanoate, ethyl pentanoate, propyl 2-methyl 
propanoate, 2-methyl propyl propanoate, butyl propanoate, methyl heptanoate, 2-methyl 
propyl 2-methyl propanoate, 2-methyl propyl butanoate, butyl butyrate, n-butyl acetate, 
2-methyl propyl acetate, 2-methyl butyl acetate, pentyl acetate, 5-hexenyl acetate, 3-
hexenyl acetate and methyl salicylate) using selected ion flow tube-mass spectrometry.  
The H3O+ reactions primarily generate the protonated parent compound, R1COOR2H+, 
and may also produce R2+ fragment ions and/or fragmentation after the alcohol, followed 
by hydroxide ion addition and protonation.  Collisional association/adduct ions, 
R1COOR2NO+, are the main products formed in the NO+ reactions, although, the 
carboxyl ion fragment is also detected frequently.  The identification of the parent 
compound may be made more easily in the H3O+ and NO+ reactions.  The inclusion of 
O2+ reactions in the analysis provides additional information, which may be applied when 
the identity of a parent compound cannot be determined solely from the H3O+ and NO+ 
analysis.  SIFT-MS provides a means of molecule detection and identification, without 
destroying the sample of interest.  In the case of these plant-derived esters, SIFT-MS may 
be used to detect and identify compounds present in a plant sample of interest. 
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3.2.  Introduction 
Esters are among the most common odour and flavour chemical compounds 
produced by plants.  They have become an important added ingredient in many food 
products. Commonly found in plant oils, esters emit fruity aromas and flavours which are 
heightened during the ripening process and are often used as criteria for food quality and 
ultimately, consumer preference [31, 72].  The flavour industry provides artificial aromas 
for flavourings to satisfy the demand of the public [97].  For example, ethyl butyrate is a 
popular compound which gives rise to pineapple-banana flavour [30].  This flavour is 
added to beverages and snacks to attract the consumer, as well as to medicines to make 
these appealing to young children.  Strawberries are one of the most popular fruits 
consumed and cultivated around the world [97].  The familiar aroma of the strawberry is 
favoured in aroma analysis [97].  Key aroma compounds of the strawberry were 
quantified and defined into “aroma types” [97].  Aroma types are used to develop a 
criterion for quality control in strawberry breeding [97].  More than 360 volatile 
compounds have been identified in strawberries, including esters such as methyl butyrate, 
ethyl butyrate, methyl butanoate, ethyl butanoate, methyl hexanoate, ethyl hexanoate and 
butyl acetate [73, 97].  Esters are also important flavour compounds in Royal Gala apples.  
Royal Gala apples produce butyl acetate, hexyl acetate and 2-methyl butyl acetate which 
contribute to ripe fruit flavour [79, 106].  Volatile compounds also play an important role 
in proper processing techniques and food spoilage [14].  Orange juice loses desirable 
aroma compounds and can form “off flavours” by heating and poor storage techniques 
[63].  Aromatic food volatiles occur at low concentrations, but human sensory cells in the 
nose and throat have very low detection threshold for these compounds [31, 63].  This has 
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led to the common practice of using sensory panels in food quality assessment [79, 107], 
a practice suggested as early as Greek classical period [60].  The instrumental detection 
and identification of food volatiles has gained much recent interest due to the increased 
demand for all natural flavourings by the consumer [14, 22, 48].  The analytical devices 
used to carry out these analyses have been improved over the years to achieve efficient 
operation and to produce reproducible results [55].  With advancements made in this 
technology, several volatiles have been successfully and routinely identified in food 
products [73, 97].  On the other hand, there have been several attempts to study volatile 
compounds from natural products which lead to ambiguous results, either due to 
inadequate detection devices, or difficult compound mixtures [49, 89].   
Instruments have been developed to imitate the analytical ability of the earliest 
detection device, the mammalian nose [60].  The most commonly used combination of 
techniques is gas chromatography (GC) and mass spectrometry (MS) developed in the 
1950’s [60].  GC encompasses all chromatographic processes in which the mobile phase 
is gaseous [37].  MS is used to determine the chemical arrangement of unknown 
substances by accurate mass determination of separated fragments [14].  The union of GC 
and MS permitted the identification of separated volatile compounds and has continued to 
be used as a traditional mode of food flavour analysis [60, 95].  Although, GC-MS 
remains a useful analytical instrument, there are problems associated with this technique 
for odour analysis.  The sample must be extracted in liquid form prior to volatilization 
and subsequent analysis.  For example, in liquid-liquid extractions, lipids and carotenoids 
are extracted together with the desired volatile compounds [63].  These non-volatile 
compounds can break down in the GC injector and produce artefacts compromising the 
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GC column [63].  Generally, sample mixtures analyzed using GC-MS tend to be very 
complex.  Ideal separation is often not achieved because of the complexity of the samples 
and/or because increased speed of the chromatographic runs is favoured [5].  Also, 
compounds with similar mass spectra may be co-eluted preventing the identification of 
the desired compound [29].  Databases provided by instrument manufacturers are often 
inadequate at providing valid compound identification [5].  Lastly, compounds occurring 
at low concentrations may remain undetected.   
Consumer demand for natural flavouring substances, rather than synthetic flavour 
compounds, has flooded the flavour market [22].  As a result of technological 
advancements, extensive lists of volatiles in foods have been reported [73, 99].  Of the 
hundreds of volatile compounds present in a food item, only few supply odour and aroma 
[33, 99].  The ability to differentiate between odour active compounds from a range of 
volatiles in a food product is critical in flavour analysis [99].  Past efforts to develop 
instrumental olfactory systems have been inadequate.  Quantitative analyses required 
specific sensors for individual odour compounds, resulting in difficult and expensive 
analyses [95].  In 1964, Fuller, Steltenkamp and Tisserand [27] introduced gas 
chromatography-olfactometry (GC-O) for the study of aromatic volatile compounds.  
This combines the instrumental separation method (GC) with the sensitive olfactory 
detection of the human nose.  GC-O has been used as an effective means for complex 
volatile mixture analysis [27, 99].  Although GC-O has potential to be a successful 
diagnostic tool, it is not without problems.  Single compounds were examined, 
reproducibility was a major issue due to the physically difficult analyses of the hot dry 
effluent by the assessor and adequate data can not be attained from a single run [71, 99].  
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Modifications have been made to early devices with the development of new technology 
[95]. 
 Further attempts to develop purely instrumental analysis of aroma compounds 
continue.  Headspace analysis (replacing solvent extraction) gained in popularity because 
only volatiles are collected, reducing column damage and artifacts [63].  A new 
commonly used gas phase detector is atmospheric pressure ionization-mass spectrometer 
(API-MS) [22, 89].  In API-MS, a liquid sample is vaporized then subsequent ionization 
occurs at atmospheric pressure via ion molecule reactions followed by detection via a 
quadrupole mass analyzer [40].  However, API-MS lacks separation ability for several 
compounds, interpretation of mass spectra is complicated and quantification of individual 
volatiles in a mixture is difficult [89, 94]. 
The selected ion flow tube (SIFT) analytical method allows real-time analysis for 
the monitoring of complex mixtures.  This method does not require the isolation or 
purification of volatile compounds and rapidly analyzes in vivo spectral compounds 
simultaneously [80].  The SIFT technique was developed in the 1970s by D. Smith and 
N.G. Adams to study ion molecule reactions in the gas phase at thermal energies and is 
now a standardized method for trace gas analysis [3].  This technique is well suited for 
the rapid detection and quantification of volatile organic compounds (VOCs) [50, 100].  
Selected ion flow tube-mass spectrometry (SIFT-MS) is a chemical ionization separation 
technique coupled to a mass spectrometer dependent on kinetic constants and ionization 
rates of specific VOCs [78].  H3O+, NO+ and O2+, were experimentally found to be the 
only useable reactive precursor ions [81, 82].  These ions may be introduced 
simultaneously or individually to react with unknown volatile compounds to produce 
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secondary ions identifiable by mass analysis and quantified using the determination of the 
rate of the reaction [76].   
SIFT-MS will be utilized to develop a data library of real time analysis of mass 
spectra of individual compounds.  In this report I focus on esters.  These mass spectra 
will ultimately be correlated with real time spectra of actual plant material.  The current 
study focuses on the results of the reactions between H3O+, NO+ and O2+ with a series of 
esters. 
3.3.  Experimental Section 
I adopted SIFT-MS methodology developed by Adams and Smith [3] as described 
in chapter 2 section 2.3.  A detailed summary of SIFT-MS has previously been reported 
[75, 78, 83, 84, 86]. 
3.3.1.  Data Acquisition  
 
Data acquisition was performed as described in chapter 2 section 2.3.1.  
               
3.3.2.  Data Handling and Display 
Data handling and display was performed as described in chapter 2 section 2.3.2. 
3.4.  Results and Discussion 
Calculated kc for the H3O+ proton transfer reactions and the experimentally 
determined k with kc for the NO+ and O2+ reactions with 18 esters and methyl salicylate 
are shown (Table 3), as well as likely products of ionic reaction which produce a product 
ion with > 20 % abundance are shown (Table 4).  In the event where a product ion could 
potentially contain an oxygen atom (carboxyl ion) or not (hydrocarbon ion), the presence 
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Table 3.  Rate coefficients of the reactions between H3O+, NO+ and O2+ with a series of esters.  Estimated values and/or averages for 
α and µ are calculated for compounds which do not have previously recorded data and are listed in italics [53, 57, 74].  The collisional 
rate coefficients, kc, in units of 10-9 cm s-1, for all reactions have been calculated via the parameterized trajectory formulation by Su 
and Chesnavich [92] and displayed in square brackets. 
 
Molecular 
Weight 
 
Electric Dipole 
 Polarizability 
 
Dipole 
Moment 
 
Rate Coefficient 
 
 
 
 
Molecule 
 
 
m 
(g/mol) 
 
 
α 
(10-24 cm3) 
 
µ 
(D) 
 
kc (H3O+) 
(10-9cm3 s-1) 
 
kc, k (NO+) 
(10-9 cm3 s-1) 
 
kc, k (O2+) 
(10-9 cm3 s-1) 
 
 
ethyl trans-crotonate 
CH3CH=CHCOOC2H5 
 
114 
 
 
14.2 
 
(1.74) 
 
[3.06] 
 
1.88 [2.53] 
 
2.31 [2.47] 
 
propyl propanoate 
C2H5COOC3H7 
 
116 
 
 
14.2 
 
1.79 ± 
0.03 
 
[3.10] 
 
1.66 [2.56] 
 
1.75 [2.50] 
 
ethyl butanoate 
C3H7COOC2H5 
 
116 
 
14.2 
 
(1.74) 
 
[3.07] 
 
2.89 [2.54] 
 
3.05 [2.47] 
 
methyl pentanoate 
C4H9COOCH3 
 
116 
 
14.2 
 
1.61 ± 
0.03 
 
[2.96] 
 
0.35 [2.45] 
 
0.58 [2.38] 
 
ethyl pentanoate 
C4H9COOC2H5 
 
130 
 
14.9 
 
1.76 
 
[3.09] 
 
1.64 [2.55] 
 
1.87 [2.48] 
 
propyl 2-methyl propanoate 
CH3CH(CH3)COOC3H7 
 
 
130 
 
14.9 
 
(1.86) 
 
[3.17] 
 
2.64 [2.62] 
 
2.67 [2.55] 
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Table 3. continued. 
 
2-methyl propyl propanoate 
C2H5COOCH2CH(CH3)CH3 
 
130 
 
14.9 
 
(1.86) 
 
[3.17] 
 
1.15 [2.62] 
 
1.01 [2.55] 
 
butyl propanoate 
C2H5COOC4H9 
 
130 
 
14.9 
 
1.82
 
 
[3.14] 
 
1.67 [2.59] 
 
1.47 [2.52] 
 
methyl heptanoate 
C6H13COOCH3 
 
144 
 
17.2 
 
1.80 
 
[3.23] 
 
2.36 [2.65] 
 
1.97 [2.59] 
 
2-methyl propyl 2-methyl propanoate 
CH3CH(CH3)COOCH2CH(CH3)CH3 
 
144 
 
17.2 
 
(1.9) 
 
[3.31] 
 
2.28 [2.72] 
 
1.81 [2.65] 
 
2-methyl propyl butanoate 
C3H7COOCH2CH(CH3)CH3 
 
144 
 
17.2 
 
(1.9) 
 
[3.31] 
 
0.13 [2.72] 
 
0.73 [2.65] 
 
butyl butyrate 
C3H7COOC4H9 
 
144 
 
17.2 
 
2.12 
 
[3.49] 
 
3.42 [2.87] 
 
2.90 [2.79] 
 
n-butyl acetate 
CH3COOC4H9 
 
116 
 
14.2 
 
(1.87) 
 
[3.17] 
 
2.10 [2.62] 
 
2.20 [2.55] 
 
2-methyl propyl acetate 
CH3COOCH2CH(CH3)CH3 
 
 
116 
 
14.2 
 
(1.87) 
 
[3.17] 
 
2.72 [2.62] 
 
2.67 [2.55] 
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Table 3. continued. 
 
2-methyl butyl acetate 
CH3COOCH2CH(CH3)C2H5 
 
130 
 
14.2 
 
(1.86) 
 
[3.13] 
 
2.63 [2.58] 
 
2.55 [2.52] 
 
pentyl acetate 
CH3COOC5C11 
 
130 
 
14.9 
 
1.75 ± 0.01 
 
[3.08] 
 
1.45 [2.54] 
 
1.21 [2.48] 
 
5-hexenyl acetate 
CH3COOC4H2CH=CH2 
 
142 
 
17.2 
 
1.80 
 
[3.23] 
 
2.80 [2.66] 
 
2.74 [2.59] 
 
3-hexenyl acetate 
CH3COOC2H4CH=CHC2H5 
 
142 
 
17.2 
 
1.80 
 
[3.23] 
 
3.12 [2.66] 
 
2.62 [2.59] 
 
methyl salicylate 
C6H4(HO)COOCH3 
 
 
152 
 
16.9 
 
2.47 
 
[3.78] 
 
2.72 [3.11] 
 
 
3.05 [3.02] 
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Table 4.  Product(s) of the reactions between H3O+, NO+ and O2+ with a series of esters.  The molecular formulae of the ion products 
given may not be an exact representation of their structure.  The percentage of each ion product are calculated and shown in 
parentheses.  Neutral products are listed for H3O+ and NO+ and not for O2+ reactions because the neutral products are not easily 
defined. 
 
Molecule 
 
H3O+ 
 
 
NO+ 
 
 
O2+ 
 
 
ethyl trans-crotonate 
CH3CH=CHCOOC2H5 
 
CH3CH=CHCOOC2H5⋅H+ (100)  
+ H2O 
Protonated parent compound 
 
 
CH3CH=CHCO+ (75) + C2H5NO2 
Carboxyl ion 
 
Other (25) 
 
 
CH3CH=CHCOOCH2+ (49) 
Methyl abstraction 
 
CH3CH=CHCO+ (33) 
Carboxyl ion 
 
Other (18) 
 
propyl propanoate 
C2H5COOC3H7 
 
C2H5COOC3H7⋅H+ (81) + H2O 
Protonated parent compound 
 
Other (19) 
 
NO+⋅C2H5COOC3H7 (70) 
Collissional (three body) association
 
 
C2H5CO+ (30) + C3H7NO2 
Carboxyl ion 
 
C2H5CO+ (100) 
Carboxyl ion 
 
 
 
ethyl butanoate 
C3H7COOC2H5 
 
 
C3H7COOC2H5⋅H+ (100) + H2O 
Protonated parent compound 
 
 
 
C3H7CO+ (54) + C2H5NO2 
Carboxyl ion 
 
NO+⋅C3H7COOC2H5 (46) 
Collissional (three body) association 
 
C3H7CO+ (73) 
Carboxyl ion 
 
C3H7COOC2H5+ (27) 
Charge transfer 
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Table 4. continued. 
 
methyl pentanoate 
C4H9COOCH3 
 
 
C4H9COOCH3⋅H+ (100) + H2O 
Protonated parent compound 
 
 
C4H9CO+ (57) + CH3NO2 
Carboxyl ion 
 
NO+⋅ C4H9COOCH3 (43) 
Collissional (three body) association 
 
C4H9CO+ (70) 
Carboxyl ion 
 
CH3OOCC2H4+ (30) 
Carbon chain fragment 
 
ethyl pentanoate 
C4H9COOC2H5 
 
C4H9COOC2H5⋅H+ (98) + H2O 
Protonated parent compound 
 
Other (2) 
 
 
C4H9CO+ (97) + C2H5NO2 
Carboxyl ion 
 
Other
 
(3) 
 
 
C4H9CO+ (51) 
Carboxyl ion 
 
C4H9COO+ (30) 
Other (18) 
 
propyl 2-methyl propanoate 
CH3CH(CH3)COOC3H7 
 
CH3CH(CH3)COOC3H7⋅H+ (78) + H2O 
Protonated parent compound 
 
CH3CH(CH3)+ (22) + H2O+ C3H7OOCH 
Hydrocarbon 
 
 
CH3CH(CH3)CO+ (47) + CH5CH7NO2 
Carboxyl ion 
 
NO+⋅C3H7COOC3H7 (42) 
Collissional (three body) association 
 
Other (1) 
 
CH3CH(CH3)CO+ (100) 
Carboxyl ion 
 
 
 
 
2-methyl propyl propanoate 
C2H5COOCH2CH(CH3)CH3 
 
 
 
CH3CH(CH3)CH2+ (47) + H2O+ C2H5COOH  
Hydrocarbon 
 
C2H5COOCH2CH(CH3)CH3⋅H+ (31) + H2O 
Protonated Parent Compound 
 
C2H5COOHH+ (21) + H2O +  CH3CH(CH3)CH2+ 
Fragment after the alcohol, OH formed, then 
protonated 
 
 
NO+⋅ C2H5COOCH2CH(CH3)CH3 (66) 
Collissional (three body) association 
 
CH3CH(CH3)CH2+ (34) + C2H5COONO 
Hydrocarbon 
 
 
 
CH3CH(CH3)CH+ (62) 
Hydrocarbon 
 
CH3CH(CH3)CH2+ (36) 
Hydrocarbon 
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Table 4. continued. 
 
butyl propanoate 
C2H5COOC4H9 
 
 
 
C2H5COOC4H9⋅H+ (74) + H2O 
Protonated Parent Compound 
 
C2H5COOHH+ (26) + H2O + C4H9+ 
Fragment after the alcohol, OH formed, 
then protonated 
 
C4H8+ (40) + HNO + C2H5COONO 
Hydrocarbon 
 
NO+⋅C2H5COOC4H9 (39) 
Collissional (three body) association 
 
C4H9+ (21) + C2H5COONO 
Hydrocarbon
 
 
C4H8+ (72) 
Hydrocarbon 
 
C4H9+ (28) 
Hydrocarbon 
 
 
 
methyl heptanoate 
C6H13COOCH3 
 
 
C6H13COOCH3⋅H+ (69) + H2O 
Protonated Parent Compound 
 
C6H13COOCH3⋅H3O+ (31) 
Collissional (three body) association 
 
C6H13CO+ (96) + CH3NO2 
Carboxyl ion 
 
Other (4) 
 
CH3OOCC2H4+ (71) 
Fragment 
 
C6H13CO+ (48) 
Carboxyl ion 
 
Other (11) 
 
2-methyl propyl 2-methyl 
propanoate 
CH3CH(CH3)COOCH2CH(CH3)CH3 
 
CH3CH(CH3)COOCH2CH(CH3)CH3⋅H+ (50)  
+ H2O 
Protonated Parent Compound 
 
CH3CH(CH3)CH2+ (28) 
+ CH3CH(CH3)COOH + H2O 
Hydrocarbon 
 
CH3CH(CH3)COO⋅2H+ (22) + H2O  
+ CH3CH(CH3) CH2+ 
Fragment after the alcohol, OH formed, 
then protonated 
 
 
NO+⋅CH3CH(CH3)COOCH2CH(CH3)CH3 (100) 
Collissional (three body) association 
 
 
 
CH3CH(CH3)CH+ (58) 
Hydrocarbon 
 
CH3CH(CH3)CO+ (41) 
Carboxyl ion 
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Table 4. continued. 
 
 
2-methyl propyl butanoate 
C3H7COOCH2CH(CH3)CH3 
 
C3H7COOCH2CH(CH3)CH3⋅H+ (96) + H2O 
Protonated Parent Compound 
 
Other (4) 
 
 
NO+⋅ C3H7COOCH2CH(CH3)CH3 (68) 
Collissional (three body) association 
 
C3H7CO+ (32) + CH3CH(CH3)CH2NO2 
Carboxyl ion 
 
 
CH3CH(CH3)CH+ (58) 
Hydrocarbon 
 
C3H7CO+ (40) 
Carboxyl ion 
 
Other (2) 
 
butyl butyrate 
CH3(CH2)2COOC4H9 
 
 
CH3(CH2)2COOC4H9⋅H+ (100) + H2O 
Protonated Parent Compound 
 
 
 
 
C4H8+ (62) + HNO + C4H9NO2 
Hydrocarbon 
 
CH3(CH2)2CO+ (38) + C4H9NO2 
Carboxyl ion 
 
C4H8+ (72) 
Hydrocarbon 
 
CH3(CH2)2CO+ (28) 
Carboxyl ion 
 
n-butyl acetate 
CH3COOC4H9 
 
CH3COOC4H9⋅H+ (44) + H2O 
Protonated Parent Compound 
 
CH3COOHH+ (41) + 2H2O + C4H9+ 
Fragment after the alcohol,  
OH formed, then protonated 
 
Other (15) 
 
NO+⋅CH3COOC4H9 (100) 
Collissional (three body) association 
 
 
 
C4H8+ (82) 
Hydrocarbon
 
 
Other (19) 
 
2-methyl propyl acetate 
CH3COOCH2CH(CH3)2 
 
 
CH3COOCH2CH(CH3)2⋅H+ (100) + H2O 
Protonated Parent Compound 
 
 
NO+⋅CH3COOCH2CH(CH3)2 (89) 
Collissional (three body) association 
 
Other (11) 
 
 
C4H8+ (81) 
Hydrocarbon 
 
Other (19) 
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Table 4. continued. 
 
 
2-methyl butyl acetate 
CH3COOCH2CH(CH3)C2H5 
 
C2H5CH(CH3)CH2+ (46) + H2O + CH3COO⋅H 
Hydrocarbon 
 
CH3COOHH+ (33) + 2H2O  
+ C2H5CH(CH3)CH2+ 
Fragment after the alcohol,  
OH formed, then protonated 
 
CH3COOCH2CH(CH3)C2H5⋅H+ (21) + H2O 
Protonated Parent Compound 
 
NO+⋅ CH3COOCH2CH(CH3)C2H5 (100) 
Collissional (three body) association 
 
 
C5H10+ (98) 
Hydrocarbon 
 
Other (2) 
 
 
pentyl acetate 
CH3COOC5H11 
 
CH3COOC5H11⋅H+ (61) + H2O 
Protonated Parent Compound 
 
CH3COOC5H11⋅H3O + (27) 
Collissional (three body) association and 
deprotonated 
 
Other (13) 
 
NO+⋅CH3COOC5C11 (100) 
Collissional (three body) association 
 
 
 
C5H10+ (99) 
Hydrocarbon 
 
Other (1) 
 
 
 
 
5-hexenyl acetate 
CH3COO(CH2)4CH=CH2 
 
CH2=CH(CH2)4 (67) + H2O + CH3COOH  
Hydrocarbon 
 
CH3COOC4H2CH=CH2⋅H+ (33) + H2O 
Protonated Parent Compound 
 
CH2=CHC3H6CH+ (100)+ HNO + 
CH3COONO 
Hydrocarbon 
 
 
 
CH2=CHC3H6CH+ (47) 
Hydrocarbon 
 
CH2=CHC2H3+ (36) 
Hydrocarbon 
 
Other (16) 
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Table 4. continued. 
 
3-hexenyl acetate 
CH3COO(CH2)2CH=CHC2H5 
 
C2H5CH=CHC2H4+ (83) + H2O + CH3COO⋅H  
Hydrocarbon 
 
Other (17) 
 
C2H5CH=CHC2H3+ (92)+ HNO + 
CH3COONO 
Hydrocarbon deprotonated 
 
C6H10+ (83) 
Hydrocarbon
 
 
Other (17) 
 
methyl salicylate 
C6H4(HO)COOCH3 
 
C6H4(HO)COOCH3⋅H+ (100) + H2O 
Protonated Parent Compound 
 
C6H4(HO)COOCH3+ (100) + NO 
Charge transfer 
 
C6H4(HO)COOCH3+ (93) 
Charge transfer 
 
Other (7) 
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(or absence) of the oxygen atom was determined by isotope analysis.   
As far as I am aware, there is no information on possible stereoisomers in the 
published report on esters, thus, I assume most of my information is novel.  Španl and 
Smith have previously reported data on several esters including, methyl formate, ethyl 
formate, methyl acetate, ethyl acetate, methyl propionate, ethyl propionate, methyl 
butyrate and methyl benzoate [87].  The following is a discussion of the H3O+, NO+ and 
O2+ reactions with additional esters. 
3.4.1.  Ester Reactions with H3O+   
The protonated parent molecule is produced for all reactions, with the exception 
of 3-hexenyl acetate (Table 4).  It is the sole ion formed or the only significant ion 
detected in excess of 80% for fifteen esters (ethyl trans-crotonate, ethyl butanoate, 
methyl pentanoate, butyl butyrate, 2-methyl propyl acetate, methyl salicylate, propyl 
propanoate, ethyl pentanoate and 2-methyl propyl butanoate) (reaction 1).  The 
protonated parent compound may be accompanied by significant minor product ions.  For 
example, fragmentation may occur after the alkoxy oxygen (reaction 2a) and undergo 
hydroxide ion addition and protonation (butyl propanoate, n-butyl acetate and propyl 
acetate) (reaction 2b).  For three branched esters, the above mentioned product ion and a 
hydrocarbon are produced (2-methyl propyl propanoate, 2-methyl propyl 2-methyl 
propanoate and 2-methyl butyl acetate) (reaction 3), while three esters, two with a double 
bond (5-hexenyl acetate and 3-hexenyl acetate) and one branched ester (propyl 2-methyl 
propanoate), produce a hydrocarbon in addition to the protonated parent compound.  In 
two unique cases, collissional association is seen as a significant product ion (pentyl 
acetate and methyl heptanoate) (reaction 4). 
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The following example of the protonated parent compound is shown using ethyl  
trans-crotonate (reaction 1). 
CH3CH=CHOOC2H5 + H3O+         →        CH3CH=CHOOC2H5H+ + H2O         (1) 
The following example of fragmentation after the alcohol is formed (reaction 2a)  
followed by hydroxide addition and protonation (reaction 2b) is shown using 
butyl propanoate. 
C2H5COOC4H9 + H3O+  →  C2H5O+ + HOC4H9 + H2O  (2a) 
    →  C2H5OOHH+     (2b) 
The following example of a hydrocarbon product is shown using 2-methyl propyl 
propanoate (reaction 3). 
C2H5COOCH2CH(CH3)CH3 + H3O+  
→ CH3CH(CH3)CH2+ + C2H5COOH + H2O  (3) 
The following example of collissional association is shown using methyl 
heptanoate (reaction 4). 
C6H13COOCH3 + H3O+  → C6H13COOCH3H3O+  (4) 
3.4.2.  Ester Reactions with NO+ 
The NO+ reactions result in product ions which resemble those obtained by 
Španl and Smith [87].  Collissional association (reaction 5) and R1CO+ carboxyl ion 
fragmentation (reaction 6) are observed in most ester-NO+ reactions.  However, the 
reactions for five esters (2-methyl propyl propanoate, butyl propanoate, butyl butyrate, 5-
hexenyl acetate and 3-hexenyl acetate) result in the production of various hydrocarbons 
(reactions 7 to 11).  The above mentioned product ions are the only significant resulting 
ions for the linear esters.  An exception is observed for the cyclical ester (methyl  
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salicylate), where charge transfer is the only significant reaction observed (reaction 12). 
The following example of collissional association and carboxyl ion fragmentation  
are shown using propyl propanoate (reactions 5 to 6). 
C2H5COOC3H7 + NO+  → C2H5COOC3H7NO+  (5) 
C2H5COOC3H7 + NO+  → C2H5CO+ + C3H7NO2  (6) 
C2H5COOCH2CH(CH3)CH3 + NO+ 
→ CH3CH(CH3)CH2+ + C2H5COONO (7) 
 
C2H5COOC4H9 + NO+  → C4H9+ + C2H5COONO  (8a) 
    → C4H8+ + HNO + C2H5COONO (8b) 
CH3(CH2)2COOC4H9 + NO+    
→ C4H8+ + HNO + C4H9NO2  (9) 
CH3COO(CH2)4CH=CH2 + NO+   
→ CH2=CHC3H6CH+ + HNO + CH3COONO (10) 
CH3COO(CH2)2CH=CHC2H5 + NO+   
→ C2H5CH=CHC2H3+ + HNO + CH3COONO (11) 
C6H4(HO)COOCH3 + NO+  → C6H4(HO)COOCH3+ + NO  (12) 
3.4.3.  Ester Reactions with O2+   
Many of the O2+ reaction results are similar to those observed by Španl and 
Smith [87].  The parent compound is observed as a minority product, often less than 20% 
of the total ion content.  Multiple fragmentation ions are also produced.  Common 
fragments are R1CO+, carbonyl ion (reaction 13) and various hydrocarbons, for example 
the deprotonated carbon chain after the fragmentation, (reactions 14a to 14b), as seen for 
butyl butyrate. 
CH3(CH2)2COOC4H9 + O2+         →          CH3(CH2)2CO + C4H9 + O2           (13)  
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CH3(CH2)2COOC4H9 + O2+        →          C4H9+ + CH3(CH2)2CO + O2       (14a)  
     →           C4H8+ + H + O2                           (14b) 
  
3.5.  Concluding Remarks 
 
This study continues to add supporting data on the reactions of esters to expand the 
library database and broaden the experimental evidence that SIFT-MS is a technique to 
study volatile compounds emitted from biological sources.  The database of standard 
SIFT-MS spectra has been expanded with 19 new esters not previously reported.  The 
protonated parent compound is a major product ion viewed for most ester-H3O+ reactions, 
while the R2+ fragment ion is often observed as a minor (or at times major) product ion 
resulting from these reactions as well [87].  As previously demonstrated, NO+ reactions 
produce adduct ions NO+M [87], with carboxyl ion fragments also in abundance and 
occasionally a hydrocarbon/R2 fragment.  O2+ reactions result in various fragmentation of 
the parent compound [87], thus, it is difficult to conclude the identity of a compound 
using O2+ as the sole means of analysis.  However, O2+ is useful as a method to cross 
reference results that may be uncertain using H3O+ and NO+ precursor ions alone [42].   
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PART II.  SIFT-MS IDENTIFICATION OF SELECTED VOLATILE ORGANIC 
COMPOUNDS EMITTED FROM POLYGALA SENEGA, VALERIANA 
OFFICINALIS AND CANNABIS SATIVA 
CHAPTER 4.0.  APPLICATION OF SIFT-MS TECHNOLOGY 
 
4.1.  Abstract 
 
The utility of selected ion flow tube-mass spectrometry in plant biology was 
studied by examining Polygala senega, Valeriana officinalis and Cannabis sativa volatile 
emissions.  Few known compounds from these plant samples are detected by SIFT-MS: 
hexanoic acid and methyl salicylate from Polygala senega, ocimene from Cannabis 
sativa leaves and β-pinene and myrcene from Cannabis sativa seeds.  Compounds unique 
to Valeriana officinalis could not be detected due to their high molecular weight, which 
limits volatility.  The detection of several compounds cannot be confirmed due to 
uncertainties in the data.  The SIFT-MS approach to plant volatile emissions shows some 
promise, however, further corroboration with GC-MS is required to compliment initial 
plant VOC studies.  
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4.2.  Introduction 
The search for new biologically active compounds as potential drugs is a difficult 
task, which requires the contribution of many scientific fields: chemistry, pharmacology 
and clinical sciences [13, 23].  Natural products, in particular those from known 
medicinal plants, are an important potential source of new drugs and new chemical 
entities (NCEs) [7, 13, 59].  By examining plants traditionally used as medicines, 
compounds which show biological activity are often isolated [13, 106].  These studies 
have uncovered many compounds which are commonly used as drugs today.  The 
classical examples include the commonly used aspirin (acetylsalicylic acid) which was 
derived from chemical compounds isolated from Salix sp. [56], morphine developed from 
opium extracted from Papaver somniferum [13, 21] and anti-cancer drug paclitaxel from 
Taxus brevifolia [65, 106].  
Natural products are often used as the foundation for new synthetic compounds; 
however, the diverse structure of natural compounds makes selection of likely candidate 
structures a difficult task [7, 20, 64].  Between 1981 and 2002, an estimated 28% of new 
NCEs were natural products or natural product-derived [7, 59].  One quarter of the 
world’s best-selling drugs in use between 2001 and 2002 [7, 13] and 50% of new 
antibiotics approved by the Food and Drug Administration (FDA), were extracted from 
natural sources or synthesized from a known natural product [59, 106].  Historically, 
natural compounds and synthetic compounds occupied two different categories of 
chemistry [13].  This difference in approach is currently breaking down, by screening of 
compound libraries based on chemically modified natural product extracts [13].   
I have selected for my study three plants locally available for testing, which show  
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potential for commercial development.  These plants, Polygala senega, Valeriana 
officinalis and Cannabis sativa, are of interest because of their past medicinal use and 
production of volatile aromatic compounds, which are amenable for analysis by SIFT-MS 
(discussed below).  A brief introduction to each selected plant species follows the 
introduction to SIFT-MS. 
4.2.1.  Selected ion flow tube-mass spectrometry 
Selected ion flow tube-mass spectrometry (SIFT-MS) was introduced in section 
2.3.  To recapitulate briefly, the technique was developed in the 1970s by D. Smith and 
N.G. Adams and is now standardized method for trace gas analysis [3, 49, 100].  SIFT-
MS is one of the most reliable techniques available for the study of kinetics and ionic 
reactions and ideally suited for the rapid detection and quantification of volatile organic 
compounds [3, 49, 100].  H3O+, NO+ and O2+, are the only useable reactive precursor ions 
used in analyses to produce identifiable secondary ions [76, 81, 82].  The potential 
contribution of SIFT-MS to natural product research correlating data library product ions 
with real time spectra of actual plant material will be further tested in this work using the 
gaseous headspace above model plants, Polygala senega, Valeriana officinalis and 
Cannabis sativa.  Further refinement and computer aided identification of SIFT-MS 
signals may lead to the identification and rapid analysis of potentially useful plant 
products.   
4.2.2.  Polygala senega 
Polygala senega is a perennial herb, indigenous to North America, the Canadian 
prairies in particular [46, 96].  The visible portion of the herb consists of green to purplish 
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lance-shaped leaves ending in an elongated spike of green-white or pink-white flowers.  
Its underground parts consist of several vertically oriented shoots, branched off from a 
single dominant crown root [96].  Due to the similarity in appearance of the root to that of 
a snake, native peoples initially administered Polygala senega as a snake bite remedy by 
applying a macerate of the roots to the affected area [46].  This plant was later used as a 
general remedy by several native tribes for a multitude of ailments such as congestion, 
coughs, sore throats, earaches and skin lesions [91, 96].  Polygala senega enhances 
immune response to proteins and viral agents, which may attribute to the success of the 
plant as a general therapeutic [25].  During the 1730s, John Tennent, a Scottish physician 
practicing in New England, observed that the symptoms experienced by patients in the 
later stages of pneumonia and pleurisy were similar to the symptoms experienced by 
persons suffering from snake bites [96].  He later came to the realization that Polygala 
senega could also be useful to those suffering from the aforementioned disorders.  In the 
1800’s, Polygala senega gained the interest of the European medical profession as 
potential treatments for pleurisy and pneumonia [10, 46, 96].  This plant continues to be a 
traditional herb of great interest [96].  In order to ensure the wild population is not 
depleted, the herb is ethically harvested in Manitoba and Saskatchewan and attempts at 
cultivation are being made [25]. 
4.2.3.  Valeriana officinalis 
Valeriana officinalis is a herbaceous, perennial herb native to North America, 
Asia and Europe [32, 35].  Beginning as a short rhizome, Valeriana can reach heights of 
up to two meters [69].  The herb flowers, producing a cluster of white or pink petals with 
lance shaped leaves [69].  The roots and rhizomes of Valeriana officinalis L. contain the 
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drug valerian which has a long history of use in traditional medicine since it was 
described by the ancient Greeks and Romans as a sedative [19, 28].  Although, Valeriana 
was and currently is primarily used as a sedative to treat insomnia, it has been also been 
prepared for oral administration to treat disorders such as hypertension, angina, 
palpitation, anxiety, gastro-intestinal spasm, among other ailments [39, 41, 47 and 61 in 
19, 24, 35].  Valeriana officinalis L. continues to be cultivated on a commercial scale and 
remains published in several pharmacopeias [32].  In addition to its traditional medicinal 
value, Valeriana is also used in combination with other herbs as natural insect and pest 
repellant [40].  The popularity of this species continues to grow with the use of essential 
oil extracts in modern consumer products such as cosmetics and aromatherapy products 
[50]. 
4.2.4.  Cannabis sativa 
Cannabis sativa is well known as marijuana or industrial hemp.  It has been 
cultivated for more than 5000 years all over the world and its resin has been used for its 
euphoric effect since ancient times [58, 68].  Recordings of Cannabis use dates back to 
Avesta, the sacred book of knowledge of the Zorastrian faith, 1000-600 B. C. [58].  
Although popularized as a recreational drug, Cannabis possesses beneficial medicinal 
qualities largely due to psychoactive, analgesic and sedative properties of THC 
(tetrahydrochlorocannabinol) [45, 58, 102].  The use of Cannabis as a medication 
remains popular in India and it has become recognized and prescribed as an effective 
therapeutic treatment in Western medicine for illnesses which cause severe pain or 
discomfort such as rheumatoid arthritis, multiple sclerosis and acquired immune 
deficiency syndrome (AIDS) [18, 58, 68, 104, 105].  Extracts from the plant have also 
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been found to possess antibacterial properties against gram-positive bacteria, as well as 
insecticidal properties [26, 44, 98]. 
The use of Cannabis extends beyond medicinal applications.  Typically, Cannabis 
varieties lacking THC (referred to as industrial hemp) have a more robust stalk and are 
used as a fiber source. Historically, Cannabis fibers have been used in a number of items 
such as nets, rope, textiles, paper and fuel and are currently becoming regular ingredients 
in common household items such as insulation and cosmetic products [66, 68, 104].  
Cannabis seeds also provide an excellent source of edible oil, fiber and protein [15].   
The top portion of a female plant is covered with glandular hairs that secrete resin 
which functions as a protective barrier over seeds during ripening [58].  During resin 
gland development, cannabinoids and associated terpenes are synthesized [93].  The resin 
is mainly composed of cannabinoids which are of medicinal value [93].  Cannabinoids 
are not aromatic, thus associated terpenes provide the fragrant odours which are 
characteristic of Cannabis essential oils [67].  Low THC, or industrial hemp was used in 
my experiments.  Identified by GC methods, Rothschild, Bergstrom and Wangberg [68] 
and Ross and ElSohy [67], found that volatile emissions of Cannabis consist of, but are 
not limited to, monoterpenes (β-myrcene, (E)-β-ocimene, terpinolene, limonene and β-
pinene), alcohols (3-methyl-1-butanol, limited to pollen) and esters (hexenyl acetate).  I 
set out to test which of these compounds may be detected by SIFT-MS. 
4.3.  Experimental Section 
I adopted SIFT-MS methodology developed by Adams and Smith [3] as described  
in chapter 2 section 2.3.  A detailed summary of SIFT-MS has previously been reported 
[75, 78, 83, 84, 86].  
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4.3.1.  SIFT-MS Data Acquisition  
SIFT-MS analysis was performed using a Profile 3 SIFT-MS spectrometer 
(Instrument Science, UK).  I macerated the plant sample (average weight 1 to 3 grams) 
using a mortar and pestle, placed in a 250 mL beaker and immediately sealed with 
paraffin wax film.  Using a needle attached to the SIFT nozzle, I pierced paraffin wax 
permitting sample intake over 5 minutes.  Each sample triplicate was scanned 30 times at 
ten seconds per scan.  I also analyzed laboratory air to allow me to subtract this 
background from actual sample mass spectra.  Mass spectra are visual representations of 
the product ions generated by the SIFT-MS reaction.  Plant sample spectra illustrate the 
product ions formed from the chemical ionization reactions that occur between the 
chosen precursor ion(s) and molecules emitted from the sample.  Product ions within 10-
300 m/z were detected.  Results of the analyses are visualized as mass spectra.  Analysis 
was repeated over two growing seasons, each of which yielded similar results.  
4.3.2.  SIFT-MS Data Handling and Display  
Using the Mass Spectrometry Review (msview) software that accompanies the 
SIFT-MS instrument, I exported spectra from the SIFT-MS data system into Microsoft 
Excel, to complete calculations.  An average of the product ions produced from each 
plant sample was calculated.  The calculated values were then visualized as spectra for 
each sample (Figures 3 to 6).  Major peaks were representative of the most abundant 
product ions produced.  Thus, to ensure the spectra peaks were a true representation of a 
product ion rather than background noise, ion peaks with count per second (cps) greater 
than 40 were considered.  Proposed products of the reactions between H3O+ and NO+ 
with experimentally found compounds in Polygala senega [38], Valeriana officinalis [50] 
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and Cannabis sativa [67,68] were correlated with SIFT mass spectra of standard 
compounds for tentative identification (Tables 5 to 8).   
4.4.  Results and Discussion 
SIFT-MS spectra for Polygala senega, Valeriana officinalis and Cannabis sativa 
(Figures 3 to 10) were generated using H3O+ and NO+ precursor ions.  O2+ was not used 
for analyses because many more fragment ions are formed with O2+ than with H3O+ and 
NO+ as a result of the recombination energy of O2+ ions and thus, cannot be used as an 
effective means to determine parent compound structure [52 in 100, 87, 100].  Peaks 
illustrated in the spectra represent product ions and/or fragment ions produced by SIFT-
MS analysis.  High abundance chemical compounds may overwhelm the instrument by 
reacting away all the precursor ions creating the illusion that few product ions are being 
formed.  For ease of presentation, plant spectra are shown in two parts at two different 
sensitivities a. m/z 1-100 and b. m/z 100-200 (note the variation in the scale of y-axis).    
The following tables (Tables 5 to 8) list compounds for which I have standard SIFT-MS 
signals and which were previously reported in Polygala senega [38], Valeriana officinalis 
[50] and Cannabis sativa [67, 68], respectively.  Hayashi and Kameoka [38] extracted the 
essential oil component by steam distillation of dried Polygala senega roots followed by 
GC and GC-MS analysis.  Similarly, Letchamo, Ward, Heard and Heard [50] extracted 
the essential oil component of Valeriana officinalis by hydro-distillation of dried roots 
followed by GC and GC-MS analysis.  Likewise, Ross and ElSohly [67] extracted the 
essential oil of Cannabis sativa by air drying the plant material for various lengths of 
time from which the volatile oil was prepared by steam distillation followed by GC and 
GC-MS analysis.  In contrast to the previous methods, Rothschild, Bergstrom and 
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Wangberg [68] collected head-space volatiles of Cannabis sativa in plastic bags.  Air was 
extracted from the bags by micro pumps and volatiles were adsorbed from the air 
followed by solvent extraction [68].  The volatile samples were then analyzed by GC-MS 
[68].  The above research groups were able to identify compounds present in their 
respective plant samples by comparing experimental data with literature, reference 
standards and/or available databases [38, 50, 67, 68].  Many methods require samples to 
be extracted in liquid prior to volatilization and subsequent analysis.  This process may 
affect the integrity of the chemical compounds by degrading their structure, which may in 
turn produce off flavours or aromas and lead to inaccurate interpretation of results [63].  
In this report, I am analyzing the headspace of fresh plant material to determine if SIFT-
MS can be utilized as a detection method of such compounds from in vivo samples 
without further manipulation of the sample.  These compounds, or similar compounds, 
have been previously analyzed as standard compounds using SIFT-MS and the fragment 
ions produced are listed accordingly.  The product ions identified by SIFT-MS analysis of 
plant emissions suggest which compounds may be present in the sample.   
4.4.1.  Polygala senega H3O+ Reactions 
Generally, straight chain carboxylic acids produce two ions: 1. protonated parent 
compound (R-COOHH+) and 2. hydroxide abstraction (R1-CO+), when reacted with 
H3O+, where R-COOHH+ is the major ion and subsequently R1-CO+ is the minor ion 
[87].  Typically, when the reaction yields both ions, the ions are present in a 9:1 ratio (R-
COOHH+ : R1-CO+) or R-COOHH+ is the only ion formed [87].  Therefore, R-
COOHH+ and R1-CO+ must be identified in order to suggest that carboxylic acid is 
present in sufficient quantity to be detected.  The above ions are present for hexanoic acid 
 50 
in the typical ratio, as reported by Španl and Smith [87], suggesting hexanoic acid is 
identifiable in the sample.  These ions are not, however, detected for octanoic acid and 
nonanoic acid and therefore, cannot be identified in the Polygala H3O+ SIFT spectra with 
certainty.  Of the putative ions expected from the reactions of valeric acid with H3O+ (m/z 
85 and 103), m/z 103 is detected in the spectra and further analysis is required to 
determine if valeric acid is actually present in this sample (Fig. 3b).  Salicylic acid, on the 
other hand, is a cyclical carboxylic acid with an additional hydroxide constituent.  This 
type of compound has been shown to undergo hydroxide ion abstraction, which is the 
major fragmentation route, and produce the minor compound R-COOHH+ [87].  
Salicylic acid conforms to this pattern and produces C7H6O3H+ (m/z 139) and C7H5O2+ 
(m/z 121) which are tentatively identified in the Polygala senega SIFT spectra (Fig. 3b); 
however cps for m/z 139 is low.  This pattern is also seen for heptanoic acid which 
produces C6H13COOHH+ (m/z 131) and C6H13CO+ (m/z 113).  The ion peak at m/z 113 is 
seen in the spectra (Fig. 3b).  Since hydroxide ion abstraction is typically observed for 
carboxylic acids with an additional hydroxide group [87], ion peak m/z 113 cannot be 
used as an indicator for heptanoic acid. 
Characteristic ion peaks are produced for hexanal (R1-CHOH+ and R1-C+).  
Španl and Smith [85] report an equal production of each ion, while the Polygala senega 
spectra show a significantly greater abundance of the hydroxide abstraction reaction 
process.  Additional analysis is needed to conclude if peaks m/z 83 (2699 cps, Fig. 3a) 
and m/z 101 (103 cps, Fig 3b), represent hexanal. 
The protonated parent compound is the sole ion produced for o-cresol [101].  Ion  
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 Figure 3.  Analysis of Polygala senega; mass spectra generated with H3O+.   a. m/z 1- 
 100; b. m/z 100-200.  (Note different scales of the y-axis). 
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 Figure 4.  Analysis of Polygala senega; mass spectra generated with NO+.
   
a. m/z 1-100;   
 b. m/z 100-200. 
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 Figure 5.  Analysis of Valeriana officinalis; mass spectra generated with H3O+.  a. m/z  
 1-100; b. m/z 100-200. 
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 Figure 6.  Analysis of Valeriana officinalis; mass spectra generated with NO+.  a. m/z 1- 
 100; b. m/z 100-200. 
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 Figure 7.  Analysis of Cannabis sativa leaves; mass spectra generated with H3O+. a. m/z  
 1-100; b. m/z 100-200. 
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 Figure 8.  Analysis of Cannabis sativa leaves; mass spectra generated with NO+.  a. m/z  
 1-100; b. m/z 100-200. 
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 Figure 9.  Analysis of Cannabis sativa seeds; mass spectra generated with H3O+.  a. m/z  
 1-100; b. m/z 100-200. 
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 Figure 10.  Analysis of Cannabis sativa seeds; mass spectra generated with NO+.  a. m/z  
 1-100; b. m/z 100-200. 
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Table 5.  Putative products of the reactions between H3O+ and NO+ with previously 
analyzed standard compounds in Polygala senega [38].  These compounds, or similar 
compounds, have been previously analyzed using SIFT-MS [85, 87, 100].  The molecular 
formulae of the ion products given may not be an exact representation of their structure.  
Product ions with at least 40 cps that can be correlated to my SIFT-MS analysis of 
Polygala senega are illustrated in bold font. 
 
Compound 
 
H3O+ 
 
NO+ 
 
 
valeric acid 
C4H9COOH 
 
 
C4H9CO+ + 2H2O ( m/z 85) 
C4H9COOHH+ + H2O (m/z 103) 
 
C4H9CO+ + HNO2 ( m/z 85) 
C4H9COOHNO+ (m/z 132) 
hexanoic acid 
C5H11COOH 
 
C5H11CO+ + 2H2O (m/z 99) 
C5H11COOHH+ + H2O (m/z 117) 
C5H11CO+ + HNO2 (m/z 99) 
C5H11COOHNO+ (m/z 146) 
heptanoic acid 
C6H13COOH 
 
C6H13CO+ + 2H2O (m/z 113) 
C6H13COOHH+ + H2O (m/z 131) 
C6H13CO+ + HNO2 (m/z 113) 
C6H13COOHNO+ (m/z 160) 
octanoic acid 
C7H15COOH 
 
C7H15CO+ + 2H2O (m/z 127) 
C7H15COOHH+ + H2O (m/z 145) 
C7H15CO+ + HNO2 (m/z 127) 
C7H15COOHNO+ (m/z 174) 
nonanoic acid 
C8H17COOH 
 
C8H17CO+ + 2H2O (m/z 141) 
C8H17COOHH+ + H2O (m/z 159) 
C8H17CO+ + HNO2 (m/z 141) 
C8H17COOHNO+ (m/z 188) 
salicylic acid 
C6H6CO3 
 
C7H5O2+ + 2H2O (m/z 121) 
C7H6O3H+ + H2O (m/z 139) 
C7H5O2+ + HNO2 (m/z 121) 
C7H6O3NO+ (m/z 168) 
hexanal 
C5H11CHO 
 
C5H11C+ + 2H2O (m/z 83) 
C5H11CHOH+  + 2H2O (m/z 101) 
C5H11CO+ + HNO (m/z 99) 
o-Cresol 
C7H8O 
 
C7H8OH+ + H2O (m/z 109) C7H8O+ + NO (m/z 138) 
methyl salicylate 
C8H8O3 
 
C8H8O3H+ + H2O (m/z 153) C8H8O3NO+ (m/z 182) 
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Table 6.  Putative products of the reactions between H3O+ and NO+ with experimentally 
found compounds in Valeriana officinalis [50].  Product/fragment ions for these reactions 
are assumed based on previously published work of similar compounds analyzed using 
SIFT-MS [85, 87, 100].  The molecular formulae of the ion products given may not be an 
exact representation of their structure.  Product ions with at least 40 cps that can be 
correlated to my SIFT-MS analysis of Valeriana officinalis are illustrated in bold font. 
 
Compound 
 
H3O+ 
 
NO+ 
 
 
camphene 
C10H16 
 
 
C6H9+ + C4H7H + H2O ( m/z 81) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO ( m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
bornyl acetate 
C12H20O2 
 
C10H17+ + C2H3O2H + H2O (m/z 137) 
C11H17O2+ + CH3H + H2O (m/z 181) 
C12H20O2H+ + H2O (m/z 197) 
 
C10H17+ + C2H3NO3 (m/z 137) 
C11H17 O2+ + CH3NO (m/z 181) 
C12H20O2NO+ (m/z 226) 
valerenal 
C15H22O 
 
C11H17+ + C4H5O+ + H2O (m/z 149) 
C15H21+ + 2H2O (m/z 201) 
C151522OH+ + H2O ( m/z 219) 
C11H17+ + C4H5NO (m/z 149) 
C15H21O+ + HNO (m/z 217) 
C15H22ONO (m/z 248) 
 
valerenic acid 
C15H22O2 
 
C15H21O+ + 2H2O (m/z 217) 
C15H22O2H+ + H2O (m/z 235) 
 
C15H21O2+ + HNO (m/z 233) 
C15H22O2NO+ (m/z 264) 
15-acetoxy valeranone 
C17H28O4 
 
C16H25O3+ + CH3OH + H2O (m/z 265) 
C17H28O4H+ + H2O (m/z 297) 
 
C16H25O3+ + CH3NO2 (m/z 265) 
C17H28O4+ + NO (m/z 296) 
C17H28O4NO+ (m/z 326)* 
 
*exceeds chosen m/z rang for analyses 
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Table 7.  Putative products of the reactions between H3O+ and NO+ with experimentally 
found compounds in Cannabis sativa leaves [67, 68].  These compounds, or similar 
compounds, have been previously analyzed using SIFT-MS [4, 86, 100].  The molecular 
formulae of the ion products given may not be an exact representation of their structure.  
Product ions with at least 40 cps that can be correlated to my SIFT-MS analysis of 
Cannabis sativa leaves are illustrated in bold font. 
 
Compound 
 
 
H3O+ 
 
NO+ 
 
Myrcene 
C10H16 
 
C5H9+ + C5H7H + H2O (m/z 69) 
C6H9+ + C4H7H + H2O (m/z 81) 
C7H11+ + C3H5H + H2O (m/z 95) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
 
Ocimene 
C10H16 
 
C4H9+ + C6H7H + H2O (m/z 57) 
C5H9+ + C5H7H + H2O (m/z 69) 
C6H9+ + C4H7H + H2O (m/z 81) 
C7H11+ + C3H5H + H2O (m/z 95) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
 
Terpinolene 
C10H16 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C10H15+ + H2 + H2O (m/z 135) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H15+ + HNO (m/z 135) 
C10H16+ + NO (m/z 136) 
 
β-Pinene 
C10H16 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C10H16H+ + H2O (m/z 137) 
 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
Limonene 
C10H16 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C7H11+ + C3H5H + H2O (m/z 95) 
C10H16H+ + H2O (m/z 137) 
 
 
 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C7H10+ + C3H6NO (m/z 94) 
C9H13+ + CH3NO (m/z 121) 
C10H15+ + HNO (m/z 135) 
C10H16+ + NO (m/z 136) 
 
3-methyl-1-butanol 
C5H11O 
 
C5H11+ + 2H2O (m/z 71) 
 
 
C5H11+ + 2NO2 (m/z 71) 
C5H11O+ + NO (m/z 87 ) 
 
Linalool 
C10H18O 
 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C10H17+ + 2H2O (m/z 137) 
 
C10H16+ + NO (m/z 136) 
C10H18O+ + NO (m/z 154) 
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Table 8.  Putative products of the reactions between H3O+ and NO+ with experimentally 
found compounds in Cannabis sativa seeds [67, 68].  These compounds, or similar 
compounds, have been previously analyzed using SIFT-MS [4, 86, 100].  The molecular 
formulae of the ion products given may not be an exact representation of their structure.  
Product ions with at least 40 cps that can be correlated to my SIFT-MS analysis of 
Cannabis sativa seeds are illustrated in bold font. 
 
Compound 
 
 
H3O+ 
 
NO+ 
 
Myrcene 
C10H16 
 
C5H9+ + C5H7H + H2O (m/z 69) 
C6H9+ + C4H7H + H2O (m/z 81) 
C7H11+ + C3H5H + H2O (m/z 95) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
 
Ocimene 
C10H16 
 
C4H9+ + C6H7H + H2O (m/z 57) 
C5H9+ + C5H7H + H2O (m/z 69) 
C6H9+ + C4H7H + H2O (m/z 81) 
C7H11+ + C3H5H + H2O (m/z 95) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
 
Terpinolene 
C10H16 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C10H15+ + H2 + H2O (m/z 135) 
C10H16H+ + H2O (m/z 137) 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H15+ + HNO (m/z 135) 
C10H16+ + NO (m/z 136) 
 
β-Pinene 
C10H16 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C10H16H+ + H2O (m/z 137) 
 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C10H16+ + NO (m/z 136) 
 
Limonene 
C10H16 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C7H11+ + C3H5H + H2O (m/z 95) 
C10H16H+ + H2O (m/z 137) 
 
 
 
 
C7H8+ + C3H8NO (m/z 92) 
C7H9+ + C3H7NO (m/z 93) 
C7H10+ + C3H6NO (m/z 94) 
C9H13+ + CH3NO (m/z 121) 
C10H15+ + HNO (m/z 135) 
C10H16+ + NO (m/z 136) 
 
3-methyl-1-butanol 
C5H11O 
 
C5H11+ + 2H2O (m/z 71) 
 
 
C5H11+ + 2NO2 (m/z 71) 
C5H11O+ + NO (m/z 87 ) 
 
Linalool 
C10H18O 
 
 
C6H9+ + C4H7H + H2O (m/z 81) 
C10H17+ + 2H2O (m/z 137) 
 
C10H16+ + NO (m/z 136) 
C10H18O+ + NO (m/z 154) 
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peak m/z 109 is a potential representative of the protonated o-cresol; however, this peak 
cannot be used as an indication of o-cresol detection because of low cps (Fig. 3b) and 
further analysis is required.   
The protonated parent compound is the sole ion produced with methyl salicylate  
in great quantity (Table 4).  This peak (m/z 153, Fig. 3b) is clearly detected as an ion peak 
in the spectra and very likely represents methyl salicylate.  This conclusion is further 
corroborated by Hayashi and Kameoka [38] who found that methyl salicylate is an 
abundant compound in the plant material.  In cases where spectra reveal enough 
information to suspect but not confirm that a particular compound has been identified, 
then the sample may be further analysed with a second precursor ion, NO+. 
4.4.2.  Polygala senega NO+ Reactions 
 
In contrast to H3O+ reactions, carboxylic acid-NO+ reactions commonly result in 
the formation of an adduct ion (R1-CHONO+) and hydroxide abstraction [87].  As found 
with the H3O+ reactions, heptanoic acid, octanoic acid and nonanoic acid cannot be 
identified in the plant sample with confidence using SIFT-MS.  Also ion peaks 
representative of the ions resulting from the reactions of valeric acid and hexanoic acid 
with NO+ cannot be used to identify these compounds in the spectra (Fig. 4).  Any peaks 
that may be visible in the spectra (m/z 146 hexanoic acid, m/z 160 heptanoic acid, m/z 174 
octanoic acid and m/z 141 nonanoic acid) (Fig. 4b) have a cps of less than 40 and cannot 
be assumed to be a true representation of the compound.  
The detection of salicylic acid seems promising and likely using the H3O+ spectra; 
however, analysis with NO+ cannot confirm this.  Salicylic acid produces a single ion, 
deprotonated parent compound of m/z 182, which is not seen in (Fig. 4b).   
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The m/z 99 ion is likely indicative of the deprotonated parent compound hexanal.  
This peak has a cps of 75.9 which is sufficient to be seen as a peak on the spectra; 
however, this peak is not seen in the spectra (Fig. 4a).  In combination with the results 
from H3O+ reactions, additional analysis is required to confirm that the product ion peaks 
represent hexanal. 
Adduct ions are the standard ions formed from the phenol-NO+ reaction [101].  In  
the case of o-cresol, this adduct ion is not detected.  As a result, the presence of o-cresol 
in Polygala senega cannot be currently confirmed by SIFT-MS. 
Similar to o-cresol, the adduct ion is the sole ion expected from reaction with NO+ 
and methyl salicylate (Table 4).  Methyl salicylate is one of the most abundant 
compounds in Polygala senega [38].  The ion with m/z 182 is not detected, which may be 
due to lack of volatility.  NO+ cannot be used to confirm that methyl salicylate has been 
detected in the sample of Polygala senega.  
4.4.3.  Valeriana officinalis H3O+ and NO+ Reactions 
Majority of the abundant constituents in Valeriana officinalis, as reported by 
Letchamo, Ward and Heard and Heard [50], have a high molecular weight.  This posed a 
problem for SIFT-MS analysis, where typically lower molecular weight compounds are 
detectable.  For many of the compounds, few characteristics peaks were visualized on the 
mass spectra, however, the peaks which represent higher molecular weight 
product/fragment ions could not be detected, most likely due to lack of volatility.  The 
proportion of the product/fragment ions formed by the interaction with H3O+ and NO+ 
with the plant compounds are used to determine if the molecule is identifiable in the 
spectra.  Therefore, the distinctive compounds which are unique to Valeriana officinalis 
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[50] could not be identified and another means of analysis, perhaps a method which does 
not rely on volatile compounds, is required. 
Camphene undergoes typical ionization and fragmentation patterns associated 
with monoterpenes [100] (Table 2).  The peaks which represent the products from these 
reaction processes are detected (Figures 5 to 6).  However, the proportion of the peaks 
corresponding to the ions are not equivalent to the findings of Wang, Španl and Smith 
[100] thus, it cannot be safely concluded that these peaks represent camphene.  A similar 
situation exists for bornyl acetate.  Many of the ions expected to occur from the reactions 
of the chosen precursor ions with bornyl acetate are formed (Figures 5 to 6), yet the 
proportion of the ions produced do not represent those observed in previous studies [50].  
Again, the detection of bornyl acetate cannot be confirmed.  Of the reactions with 
valerenal, valerenic acid and 15-acetoxy valeranone, few potential ion products can be 
identified for H3O+ and one for NO+ ion products.  This does not provide sufficient 
evidence that the ion peaks seen stand for the ions formed from these compounds. 
4.4.4.  Cannabis sativa (industrial hemp)  
 
Cannabis sativa volatiles are composed among others, of several fragrant 
monoterpenes [67, 68].  As reported in chapter 2 and by Wang, Španl and Smith [100], 
analysis of monoterpenes, using SIFT-Ms is a difficult task.  The detection and 
identification of the major monoterpenes in Cannabis sativa cannot be done by merely 
finding peaks which represent the product/fragment ions that are formed during reactions 
with H3O+ and NO+.  Tables 7 and 8 illustrate the similarity in fragmentation patterns 
amongst monoterpenes.  However the proportion in which these peaks occur are relevant 
and contribute to the identification of the compound being detected.  The combination of 
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peak value (m/z) and proportion of peaks, with respect to other peaks, form a fingerprint 
for the compound.  I selected the 7 most abundant volatiles reported in Cannabis [67, 68] 
and searched for evidence of the resulting ion m/z values.   
4.4.4.1.  Cannabis sativa H3O+ Reactions 
 
For both, Cannabis sativa seeds and leaves, the protonated parent compound is  
the dominant reaction product between terpinolene and H3O+ while, H2O elimination is  
the dominant reaction between 2-methyl-1-butanol and H3O+ [86, 100].  Therefore, peaks 
at m/z 137 (Fig.7b; Fig.9b) and m/z 71 (Fig. 7a; ion peak not shown in Fig. 9a) could 
potentially represent terpinolene and 3-methyl-2-butanol, respectively.  Since these 
molecules only have one significant reaction product, it is difficult to conclude that these 
peaks are true representations of terpinolene and 3-methyl-1-butanol and further analysis 
is required, that is, NO+ reactions.  The protonated parent compound (m/z 137) is a major 
ion produced for several monoterpenes and cannot be used as an indicator of terpinolene 
specifically.  Similarly, a single ion (m/z 71) cannot be used to authenticate 3-methyl-1-
butanol and further analysis is required.  
Myrcene, ocimene, β-pinene and limonene all have similar reaction processes 
with H3O+ [100].  The proportion of the products from these reaction processes are used 
to determine if the molecule is represented in the spectra.  Although characteristic 
peaks/ion masses are present in the spectra for these monoterpenes, the proportion of the 
peaks do not resemble those of the monoterpenes of interest (myrcene, ocimene, β-pinene 
and limonene) for Cannabis sativa leaf analysis.  As shown in Chapter 2 and Wang, 
Španl and Smith [100], these peaks could aid in identifying the total monoterpene 
content present in the sample, but not individual spectral compounds.   
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Several ions are shown to be produced as a result of the reactions from H3O+ with  
linalool [4].  Two ions, C6H9+ and C10H17+, comprise majority of the total ions formed 
from the above mentioned reaction and are used as indicators of linalool [4].  Again, 
peaks representing these ions, m/z 81 (47912 cps, Fig. 7a; 6106 cps, Fig. 9a) and m/z 137 
(3222 cps, Fig.7b; 8823 cps, Fig.9b), are present in the spectra for linalool, but the 
proportion of the peaks do not resemble those described by Amelynck, Schoon, Kuppens, 
Bultinck and Arijs [4].  Thus, it cannot be assumed that linalool has been detected in the 
Cannabis sativa samples. 
In contrast to Cannabis sativa leaf analysis, Cannabis sativa seed analysis shows  
that myrcene, ocimene and limonene have a similar proportion of ions to those previously 
reported [100], with respect to the major and minor ions formed, while β-pinene has an 
essentially equivalent ion ratio reported by Wang, Španl and Smith [100].  Based on this 
information, I would conclude that β-pinene has been detected by the instrument, 
although, the detection of the other monoterpenes cannot be excluded. Further analysis 
with NO+ analysis would help strengthen this interpretation.   
4.4.4.2.  Cannabis sativa NO+ Reactions  
 
Although charge transfer is not a common reaction for alcohol-NO+ reactions, it is 
interesting that a significant peak which represents this ion (m/z 88) (3535 cps, Fig. 10a) 
was found in great abundance in the SIFT-MS analysis of Cannabis sativa where we 
know 3-methyl-1-butanol is a major constituent.  The other fragment ions for this 
compound (m/z 81 and 71) (Fig. 8a; Fig. 10a) are detected as minor peaks and cannot be 
used to confirm the identification of 3-methyl-1-butanol in these samples.   
Most monoterpene-NO+ reactions have similar reaction processes [100], so the  
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proportions of the products formed from these reactions are used to determine if the  
molecule is represented in the spectra.  The two ions formed from the reaction of 
terpinolene and NO+ (m/z 121 and m/z 136) do not appear in the same proportion as 
found for the standard compound in chapter 2.  The m/z 121 ion is an expected fragment 
ion (Table 4).  However, ion peaks for Cannabis sativa leaf and seed spectra are not 
visible at m/z 121 due to low cps (0.3% and 0.6% of total respectively) and therefore 
cannot be used as an indicator for terpinolene detection.  On the other hand, a similar 
proportion of product ions for ocimene (leaf analysis) (25% m/z 92, 25% m/z 93 and 50% 
m/z 136) and myrcene (seed analysis) (16% m/z 92, 44% m/z 93 and 40% m/z 136) were 
seen when compared to previously published data for these compounds (29%, 22%, 49% 
and 11%, 44%, 45%, respectively) [100].  This may suggest that ocimene and myrcene 
were detected by SIFT-MS analysis of Cannabis sativa leaves and seeds respectively, 
when reacted with NO+.   
Similar to the H3O+ reactions, two ions (m/z 96 and m/z 136) make up the bulk of 
total ion percent for linalool [4].  SIFT-MS spectra analysis of Cannabis sativa leaves 
and seeds show a peak to be present at m/z 136 and m/z 96, however, the ion count at m/z 
96 is minimal (30 cps, Fig. 8a; 88 cps, Fig. 10a) and does not conform to previously 
reported data [4].  As a result, the detection and identification of linalool in the Cannabis 
sativa samples cannot be confirmed. 
4.5.  Conclusions and Future Applications 
SIFT-MS provides an alternative method for the determination of compounds 
found in plant material.  This method was not successful to detect valeric acid, heptanoic 
acid, octanoic acid, nonanoic acid, salicylic acid or o-cresol in Polygala senega.  SIFT-
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MS has detected with a reasonable level of confidence hexanoic acid and methyl 
salicylate in Polygala senega using H3O+.  However, I was unable to confirm the 
presence of the abovementioned compounds using NO+.  As for the Cannabis sativa leaf 
and seed samples, terpinolene and 3-methyl-1-butanol did not readily conform to the 
standards’ spectral data and therefore are not detected with confidence.  Spectral data 
strongly suggests that ocimene is present in leaf samples and β-pinene and myrcene are 
present in seed samples.  The other monoterpenes cannot be included or excluded with 
certainty due to the fact that majority of the characteristic ion peaks are present in the 
spectra.   
For the task of natural product research, in other words, the detection and 
identification of VOCs emitted from biological samples, special considerations are 
required.  The sensitivity of the instrument allows the successful detection of volatile 
compounds, however, often producing complex mass spectra.  Plant samples bring 
another level of difficulty to this type of analysis, being in essence a complex mixture.  
Fragment ions formed from the reactions of the volatiles with the precursor ions may 
react with each other to form various unexpected adduct ions.  Of the hundreds of 
constituents plants are composed of, few are in high abundance while, the majority, 
although essential to the medicinal or aromatic characteristics of the plant, remain in low 
or trace amounts.  The constituents which account for the bulk of the compounds may 
overwhelm the instrument by comprising majority of the compounds present in the flow 
tube during analysis. The precursor ions react primarily with these compounds and create 
the illusion that few significant volatiles are present when reviewing the spectra; 
however, ion peaks with low counts may represent significant ions.  Diluting the plant 
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sample may overcome this issue.  A data library is an essential tool which aids the 
identification of unknown compounds from such spectra.  When seeking to locate a 
compound of medicinal or commercial value from a plant sample, the fingerprint, or 
fragmentation pattern of the compound should be known.  This valuable information may 
be obtained by analysing a pure sample of the compound being sought after using the 
SIFT-MS.  Further studies continuing the development of an extensive SIFT-MS standard 
data library would relieve some of the difficulties associated with SIFT-MS and natural 
product analysis.  Also, the optimization of a method to investigate large molecular 
weight compounds with the accompaniment of classical methods such as GC-MS to 
corroborate results would improve analyses.  By understanding the operation of the 
instrument, having basic knowledge about the valuable compounds being sought and 
having the means to confirm uncertain data with alternative methods, SIFT-MS can aid in 
the detection and identification of volatile compounds from natural products.  Thus, the 
strength of SIFT-MS analysis does not lie in the detection of NCEs, but in the search for 
known and relatively abundant compounds of value in biological samples.   
It appears that in the current state of this technology, SIFT-MS could be applied 
to specific major compounds producing characteristic mass spectra.  Focusing on one or 
two compounds per plant, quantitative SIFT-MS analyses may need to be developed and 
linked to applied problems such as phenological and quality assurance programs in 
production systems.  Possible future applications using the SIFT-MS may include 
analyses of various economically valuable plant species and their components.  If we can 
qualitatively identify and quantify known compounds of interest, then we can examine  
how seasonal developmental changes affect the quantity of the compound in the sample  
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and determine when the plant should be harvested.   
The ultimate development of a portable instrument to analyze biological samples 
containing specific compounds of interest may increase agronomic productivity.  The 
field operable instrument would eliminate lengthy preparatory procedures.  Furthermore, 
specific compounds may be detected without the need to damage the plant tissue.  Our 
results provide a foundation for future investigations of the utility of SIFT-MS for plant 
VOC analysis and commercial applications. 
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